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I. Scientific Research Goals

The goals of this research are

e to understand and clarify the physical mechanism underlying the electrorhe-
ological (ER) response of fluids and establish an ab initio theory for the phe-
nomenon;

o to study the structure of ER fluids and their properties, to investigate the
change of viscosity of ER fluids with an applied electric field;

¢ to apply the ER phenomenon to liquid fuel flows, to control their viscosity and
hence *teir velocity;

¢ to exar.uine the necessary theoretical and technique problems associated to the

design of a new class of liquid fuel control devices which are based on the ER
phenomenon.

II. Significant Results in the Past Year

Our research in this period has made significant progress toward the above
goals.
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1. Structure of ER Fluids (by Tao). What is the structure of ER
fluids in an electric field? This is important to understand ER fluids. It was
found quite a while ago that in an electric field, ER fluids form thick columns
spreading between two electrodes. The structure of these thick columns puzzled

many authors in this field until our recent work which clarifies this issue.

We assume that the dielectric particles are balls with radius of a. Inside an
electric field E, eack particle obtains a dipole moment p = oE where a is a
constant. We take the direction of electric field as the z-direction, and define
infinite chains with their dipoles at z; = 2ja (j = 0,41, £2, - - -) as chains of class
A and infinite chains with z; = (2j 4+ 1)a as chains of class B. The columns are

found to be formed by chains A and B only.
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Fig.1. Three-dimensional body centered tetragonal (bct) structure, the ground

state of the induced ER solid (the particles have radius « and are not shown to { ..
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the scale). S

The interaction between two infinite chains are short-ranged. Two chains of
the same class are repulsive, while two chains of different classes are attractive.

Their interaction energies can be represented as

Uaalp) =Upp(p) = =Uplp) = vz* /—'“f_”'/"

o /)

where v = ﬁ"/ff. The distanee between two chains of different classes s p > /3a,




but the distance between: two chains of the same class 1s p 2 2a. The ground
state is the configuration which minimizes the total potential energy. Therefore.
the structure of ER fluids is equivalent to finding a ground state for a two-
dimensional system which has two classes of particles A and B in z — y plane via
the above interactions. Fig.1 shows our finding about the structure of KR solid

in three-dimensional space. It is a body-centered tetragonal lattice.

Fig.2 is the projection of the three-dimensional structure to the x-y plane.T 1s
theoretical prediction has been compared with all other suggested structures in
the literature and found to have the lowest energy. Experimnental verification of

the theoretical result is under way.
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Fig.2. The projection of the ihree-dimensional structure to the x-y plane where

o for A chaias and + for B chains.

2. Monte Carlo simulation of ER fluids (by Tao). We have used Monte
Carlo simulated annealing process to find the ideal structure of ER fluids in an
electric field. The structure of ER fluids is the configuration which minimizes the
potential energy. In our simulation, we first give a random distribution of dielec-
tric particles in the space and calculate their interaction energy Up. Meanwhile.
we introduce a temperature T. Then we try to move the particles randomly in
space. After one irial move, we caleulate the new interaction energy Up and find
the difference 60U == Uy — Uy, If 807 < 0. the move is allowed, the new state
replaces the mitial state. If §U > 0, we do not reject the new state immediately

The probability to move to the new state is exp(=aU/T). This slow process




will avoid the possibility to lead our Monte Carlo process to a 1ocal minimum.
We repeat the above process again and again. Meanwhile. the temperature T
is gradually cooling down to 0. Our Monte Carlo simulation verifies the ground
state of ER fluids in figures 1 and 2.

3. Experimental determination of the structure of ER fluids (by
Chen, Zitter and Tao). To verify the above theoretical prediction, we begin
to perform experiments to investigate the structures formed by the particles in
the fluid under an applied electric field in static fluid condition.

In the experiments, we are using a laser diffraction technique that is an
analogue of a standard x-ray diffraction technique used to observe atomic ar-
rangements in crystals. Here, our “atoms” are glass spheres 20 micrometers in
diameter floating in low-viscosity oil. If the beads form an ordered structure when
an electric field is applied, the diffracted laser beam will show a characteristic
spot-pattern which is the spatial Fourier transform of the bead structure. The
beads and oil are contained in a cavity measuring 2 x 2 x 0.1mm between glass
microscope slides, with electrodes supplying the electric field. The first discern-
able patters were achieved in May 1991, and currently we are attempting to (a)
improve the patters, (b) obtain polaroid photographs of the patterns for analysis,
and (c) observe the effects of changing the bead concentration. Our preliminary
experimental result seems to be consistent with the theoretical prediction about

body-centered-tetragonal lattice.

4. Phase transition in ER fluids (by Tao). What is the nature of ER
fluids? Why the viscosity of ER fluids increases dramatically upon application of
an electric field? This is an important issue to understand the physical mechanism
of ER fluids. We are the first to propose a theory for ER fluids, claiming that
the nature of ER fluids lies in the electric field induced solidification. Wien
an electric field applies to ER fluids, dielectric particles obtain an induced dipole
moment which forces them to align in the field direction to form a solid structure.
This structure causes a dramatic increase of viscosity. We find that the phase
vransition occurs when the osmotic pressure vanishes. Hence, we find the critical
electric field E.. When the applied field exceeds E., ER fluids become a solid.

The experiments match the theoretical result of E, very well.




We have further developed our theory and clarified that the induced phase
transition is the first-order phase transition. But the latent heat is founc to
be very small. We have also calculated the effect of external pressure on the
phase transition. Experimental verification of these theoretical results is under

preparation.

5. Organiziug an International Conference on ER fluids (by Tao)
With the support from ONR and Southern Illinois University at Carbondale
(SIUC), Dr. Tao is organizing an International Conference on ER Fluids, te
be held on October 15-16, 1991 at SIUC. The conference will cover four topics
in the field of ER fluids: (1) physical mechanism, (2) materials technology, (3)
measurement and properties, and (4) applications. The international response
to the conference is overwhelming. All major research groups in USA, Canada,
England, Japan, France, Germany, Soviet Union, and China have submitted their
papers to the conference. Befcre the deadline of June 30, 1991, we have received

about 40 papers.

The conference participants will not only have research groups at universities
and nationa! iabs, but include researchers in industries as well. Especially, Ford
Motor, General Motor, and Nissan Motor Companies pay special attention to the
conference. US federal government, such as Department of Energy and National

Science Foundation, has also expressed interest to attend the conference.

This major international conference wili certainly make an important contri-
bution to the field of ER fluids. It provides the opportunity for researchers to

discuss and exchange their results and jointiy explore the exiting problems.

6. Molecular dynamic simulation of ER fluids (by Jaggi). We have
writien two computer odes, one simulating the two-dimensional Hamiltonian
dynamics and the other simulating the fully d:ssipative dynamics of an appropri-
ate two-dimensional classical moder of dielectric spheres in a suspension. Here
s key contribution is suminarize.!. Stariing from vhe proposed dense dipolar
gas model, the simulations reproduce Jhe experimentally cbserved structures. It
~onsists of fibrils (thick columms) tha! <icclate wlong the field direction, but are
not homogeneous in thickness Tnere 1s clearly a microscopic phase separation

into low density and high density regiong: the iaterfaces between these two re-




gions are rough on a microscopic scale but are nevertheless predominantly along

the electric field direction.

7. Viscoelastic response of ER fluids (by Jaggi and Woestman). The
rheological response of ER fluids varies from that of a Newtonian fluid at zero and
small electric fields to something approaching a Bingham solid at higher electric
fields. We have designed an experiment to study the viscoelastic response of ER
fluids in the full range from a Newtonian fluid to that of the Bingham solid. We
are currently able to study the steady shear stress 7 -shear strain v relationship
of the ER fluids as a function of electric field. The additional instrumentation
needed tc study the stress - strain rate (7- 4 ) relationship in the liquid regime,

will be put together soon.

The schematic figure (Fig.3) illustrates the experiment. The ER liquid is
contained in the cell whose bottom is a conducting Copper plate onto which the
high voltage connector is mounted as indicated. The ground electrode is in the
form of an annular washer to which a fine flexible wire is soldered and returned to
the high voltage power supply. In the presence of the applied electric field above
the critical field E., an annular cylindrical ER solid is formed under the annular
ground electrode. A strong Alnico permanent magnet is epoxied across the top
of the washer and is suspended such that the plane of the washer is horizontal

using a string with negligible torsional compliance.

The whole cell is placed at the center of two sets of Helmheltz coils that
produce a sufficiently homogeneous magnetic field over the size of the magnet;
one of them mounied on a rotaiable stage. The coils are driven by independent
power supplies. The current through one of the coils is adju~ted to cance} the
earth’s magnetic field so that there is no shear torque on the magnet due to the
earth’s field. The other Helmholtz pair is then used to produce a well controlled
and reproducible shear stress on the ER "cylinder” via the pure torque on the

magriet that is epoxied to the washer.

A small ( Imm ) plane mirror is glued with its plane vertical to the side of
the Alnico magnet. A 2 milliowatt He-Ne laser is bounced off this mirror onto
a graduated scale mounted on the wall across the lab; the deflection of the spot

is used to measure the angular position of the fixed diameter thus giving us the

<y




shear strain 4.

In the next generation of the experiment, the graduated scale will be replaced
by a photodetector array, associated electronics and interfaced to a PC enabling
us to measure the s! ear strain continuously in time. The shear strain rate ¥ can
be computed either in hardware or later in software from the accumulated ~(t)

profile.

Since these experiments will be refined to measure dynamically 7(E,~,%),
we view the present experiments as a first step towards understanding the shear

elastic response of ER fluids at very low strain rates.

A body of data is systematically being accumulated, but two important con-

clusions can already be drawn from the data.

1. It is unambiguous that at high enough electric fields, the ER system behaves
like a solid: it has a distinctive shear elastic response, it is possible to extract
a shear modulus, it fails at a well defined yield stress not withstanding earlier
arguments in the literature about the reality of a yield stress. It is much more
appropriate to call them ER solids in this regime, as opposed to ER fluids.

2. These are the first experiments that have probed the shear response at these
very small strain rates (¥ < 1075 s! ). Figure 4 shows one data set that is
particularly clean and is suited to make the following very important point.
Note that when the ER solid fails at 7, the system does not relax fully: only
part of the strain and the elastic energy is released. The dashed line indicates
the nonequ:ilibrium nature of this response: the yield is followed by a very large
strain rate for a very short time ( estimated at less than 1/20 sec ) and the
system gets locked into another solid like regime which in turn yields at about

the same Ty.

Thus a micrescopic description of what happens at larger strain rates seems
to be emerging. The shear viscosity above the yield stress and the associated
elastic energy dissipation may be describable as a rapid sequence of elementary
events each one of which consists of a structure that breaks at a certain “shear
stress” and heals within a certain “time constant”. We are presently developing

this two-parameter model of the viscoelastic response of ER fluids.
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Fig.3. The schematic figure of the experitient to determine the viscoelastic

response of ER fluids.
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8. Imaging video microscopy (by Jaggi). We have set-up a high resolu-
tion video microscopy station to be able to study the structure of electrorheolog-

ical fluids in the presence of an electric field and under varying flow conditions.

The important feature of the video microscope is described below. Traditional
microscopes with all optical inagnification are capable of 1 micron resolution but
suffer from two major disadvantages. First, they are top of the line and cost a
lot. Much more importantly, the working space, viz. the distance between the
sample and the objective is so little that only planar slides can easily be viewed.
Instead, we have put together a well designed parafocal optical system with a
relatively small magnification of 50. but therefore allowing a large working range:
big enough to easily slip in our present ER cell as well as the new flow cell under
construction. The system stays in focus as we span the 6:1 zoom. The 50X 1mage
is focussed onto a high sensitivity 2/3 inch frame transfer CCD array having 800
x 490 pixeis. We couple the CCD output to a 14" monitor and have been able

to easily resolve 1 micron particles suspended in a very dilute solution.

The very high concentration of the ER fluids made it too opaque for the
present illumination set up ( a fibre optic ring illuminator) and we could not get

good images.

We are trying to improve the illumination set up and add a universal mount
for the CCD array to be able to look at the ER cell from different directions.

An IBM-compatible PC has just been acquired to hook up to the video mi-
croscopy station. We am evaluating an appropriate image grabber to be able to

digitize these images to enable postprocessing and analysis.

9. Hunt for ER fuels (by Jaggi and Woestman). In the upcoming
second year of the grant, we intend to apply the understanding that we have
developed to explore the actual design of ER fuels more thoroughly. During the
first year, we have tried two routes to the pessibility of fuels with an ER response.
Instead of spending a lot of time on prevision measurements on unpromising
systems, we have decided to screen the sy <i«m for a response that is large enough

to be casily measured at moderate fields of ¢t e rizder of 4 - 8 kV/cm.

A. Metal-Liquid Oxygen Based Fuels:

1G




We have shown that partially oxidized fine aluminum (Al) powder suspended
in mineral oil shows a very strong ER response. We therefore believe that the

solid metal - diclectric oxidant liquid route is promising,.

We have also shown that using an insulating teflon barrier between the sus-
pension and the electrodes. a reasonable strong ER response exists. There seems
to be an ill-understood time dependence (g adual decay) of the response when

no current is flowing through the suspension. This will be explored carefully.

We have used a make-shift cryogenic cell to test a suspension of the same
batch of oxidized fine aluminum powder in liquid nitrogen. Because of the very
low viscosity of liquid nitrogen and also the very large density mismaich between
Aluminum and liquid nitrogen, settling was a major problem: it was essentially
impossible to keep the Al-powder in suspension for longer than a few seconds

which was insufficient to do the experiments.

We oxidized a secon‘l batch of finer aluminum particles to varying degrees
and are in the middle of experiments with these. These finer particles stay in
suspension a bit longer and we will also use continuous stirring to keep them
suspended.

The non-sealed nature of our present ER cell may be responsible for inclusion
of moisture which might have a deleterious effect. We will soor design a safe ER
fuel cell to do experiments with unoxidized and partially oxidized Al in liquid
N2 and liquid O2. We plan to do this in the beginning of our second year of the
grant period. The results mentioned in this section have not been made public

yet.
B. Alcohol Based Fuels:

Commercial grade methanol and dried ethanol did not show useful ER re-
sponse in the preliminary experiments. Ethanol is strongly ( to some extent
methanol also) plagued by the fact that it quickly picks up moisture from the
ambient and its conductivity increases so much that it started overloading the
high voltage power supply. To do experiments for any extended period of time
and at higher fields, we will have to make another air-tight ER flow cell. Exper-
iments on gasoline-alcohol mixtures will also be done in the coming period using

the air-tight cell.

It




10. Laser-Doppler experiments (by Chen and Zitter). The experi-
mental portion of this study of ER fluids is also concerned with how an appilied

electric field affects Huid fdow throug! various volumes or orifices.

Laser-interferometric diagnostics are being empioved. In the 1990-91 year,
a helium laser {red light) and an argon-ion laser (vioiet, blue or green lLight)
were purchased, together with associated optics for interferometric experiments.
Additional purcheses included fluid pumps, tubing, and tubing. and a simple
flow-meter. Other components, including a photomaltiplier tube, oscilloscope.
microscope, and power supplics, were suppliec by the Physics Department at
SIUC. Optical mounts. platforms. and flow cels were designed here and con-

structed in our machine shop.

In the Buid fow cxporiments. we have been successful in achieving laser-
Doppler data for fluids with low particle content. For high particle concentra-
tions, which have the main interest in ER effects, the large amount of random
light scattering has so far precluded meaningful data. We are continuing to exper-
iment with different methods of signai analysis, with different optical geometries,
and with alternate flow cell designs.

IIl. Work Planned for Next Year

As stated above, our research in last vear has clarified several key issues in

this field. However, more important questious remain to be solved.

1. The mechanism of viscosity change of ER Auids. It is very iapor-
tant to understand why the viscosity of ER fluids changes with the applied electnic

field. Our present state of understanding is incomplete and only qualitative.

In an electric field. dielectric particles have induced dipole moments and tend
to align in the field direction. As the liquid suspension is forced to flow, these
induced structures of the dielectric particles are continuously being broken and
rcformed as the system flows. This produces a strain-rate dependent increase
viscosity. The excess stress is associated with the need to rupture the electric
field induced structure of the dielectric particles, when one has to force a flow.
Therefore, ER fluids have a close relationship te the problem of flow in porous

media. We need to clarify this relationship.

-
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The transport of polarized particles or polarized liquid molecules in an electric
feld also has a direct contribution to the increase of viscosity. This contribution
has been neglected by most people. On a microscupic scale, viscosity is related
1o the rate of momentum transport, resulting from thermal rearrangement of
particles on a local scale, hopping into vacant neighboring positions, interchange
of two neighbor particles etc. Therefore, the transport of polarized particles or
polarized molecules certainly has a direct contribution to the viscosity of the
whole ER fluids. From the studies of amorphous materials, under a certain

condition, this second contribution may play an important role.

We intend to undertake this task by combining experiments, analytical work,

and computer simulations together.

2. Define order parameters for ER fluids. From the theory of critical
phenomenon, it is well known that the order parameters are the key quantities
to specify the many-body system in the study of phase transition. Since we have
clarified the structure of induced ER solid, we have a clear way to define the
order parameters. We will first use the defined order parameters to do Monte
Carlo simulation. Meanwhile, we will perform necessary experiments to examine

the phase transition and compare the results with theoretical predictions.

3. The Fluid Dynamics of ER Fluids. Fluid dynamics of ER fluids are
important. It is immediately apparent that the fluid dynamics of these ER fluids
are not simply that of a viscous Newtonian fluid. In the presence of a field, they
behave 1.ke a Bingham plastic with a field dependent excess shear stress over
that of the fluid with no field. In addition to the liquid, there are particles of
micrometers size. Under an electric field, there are also interactions between the

dielectric particles which can be approximated as dipole-dipole interactions.

We will use the set-up of laser-Doppler experiments to study fluid dynamics of
ER fluids and apply classical many particle dynamics to do computer simulations,

then compare the experimental results with the theoretical ones.

4. Use our set-up of video microscopy to perform experiments on
ER fluids. We will complete assembly of the system (with improved illumination
and 2 universal CCD mount); make a new ER cell where the "thickness” of the

liquid is about 0.5 mm for better transparency; and start studying the structures
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formed in ER fluids. We will investigate

o the effects of particle size

¢ the effects of ..quid dielectric constant

¢ the effects of liquid viscosity

¢ evolution of structure under flow

¢ structures under a stress below the yield stress

5. The ER response in applied ac fields. The ER effect in an ac field
is an important but unclear problem now. We will first extend our theory by
replacing the d.c. dielectric constant by the a.c. dielectric constant. Meanwhile,
we will p-~form experiments to study ti. problem. Since the ER phenomenon is
related tc - polarization and aggregai. 'n induced by this polarization, it takes
a small but finite amount of time. Obviously, therefore, the ER effect cannot
exist for all frequencies of the applied fields. For example, if the frequency of
field w >> 1/7 where 7 is the relaxation time of the polarization, the ER effect
may vanish. But it is unclear whether this change is smooth or rapid. Since the
ac ER effect will have many important applications, we will carefully investigate

this issue next year.

6. Dependence of E; and yield stress on particle-size. This issue
will be addressed in the very near future for a number of reasons. Qur theory
predicts that E, is inversely proportional to the square root of the particle volume,
if everything else remains constant. Thus as technology forces us to go to smaller
particles, E. which is now in the comfortably small range of about 2 kV /cm, will
increase and appear in the typical working window of most ER devices. An effect
that has always been ignored will dominate the scene. Indeed, some experiments
have confirmed this “difficulty of seeing the ER effect in smaller particles”. This
increase of freezing field for smaller particles that comes out quantitatively in our
picture, can be qualitatively explained to the engineering community in terms
of the increasing role of Brownian motion for smaller particles, in disrupting the

structure induced by the electric field.

We will study and quantify the dependence of E; and the yield stress as
a function of E, for specially engineered ER formulations that have a tightly
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controlled and characterized particle size distribution. An equally important
byproduct of these experiments with particles having a narrow size-distribution,
will be the ability to address issues of phase-transition more reliably. A wide
distribution of particle volume v may result in an accompanying distribution of
E.. In particular the variation of dynamic quantities like low frequency elastic
loss moduli or flow-dependent dielectric losses can get washed out. A number of
commercial vendors have started supplying particles with controlled size distri-

bution.

7. Pursue our work on ER fuels. As mentioned early, we will continue to
pursue our work on ER fuels. We will focus on two approaches: (1) Investigate the
liquid-liquid, bi-phasic systems for possible ER effect. This will be petroleum fuel
mixed with ethanol, methanol, or glycerine. Gasoline, kerosine, diesel, all have
dielectric constant close to 2. Ethanol, methanol, and glycerine have dielectric
constant 25.7, 33.7, and 45.8 respectively. From our theory, we expect that this
kind of mixed fuel will show an ER effect. On the ott  "and, because the
ER effect is inverse to the size of dielectric particles in t. 1quid, these mixed
fueis will have a very weak ER effect if the particles of « '], methanol, or
glycerine in petroleum fuels are of molecular size. We wil «.!d an air-tight
ER flow cell to do the experiment and see how the viscosity of the mixed fuel
increases with an electric field. If the effect is too weak, we will examine any
possible way to increase the size of ethanol particles in petroleum fuels. (2).
Metallic powders in liquid oxygen. Liquid oxygen and aluminum powders are an
important liquid fuel. From our experiment with aluminum powders in oil, we
believe that this liquid fuel is an ideal ER system. Liquid oxygen has a very low
dielectric constant, 1.465. Aluminum powders, though having oxidized films, still
have a very high dielectric constant. We will build an air-tight cryogenic cell to
test a suspension of aluminum powcers in liquid nitrogen. To reduce the problem
of density mismatch, we may make finer aluminum powders to let them suspend
in liquid nitrogen longer. The experiment will examine the change of viscosity of
the suspensions and see the condition for solidification.

8. Study the structure of ER fluids in different electric fields. We
have found that the ideal structure of ER fluids in a uniform parallel electric

field is a body-centered tetragonal lattice. There are more to be learned about
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the relationship between the structure of ER fluids and the structure of applied
electric field. If the applied electric field is not parallel, what would the ideal
structure of ER fluids? We plan to study this by computer simulation. The
computer simulation will take several hundred dielectric particles in an applied
electric field. The induced electric dipole moment of each particle will depend
on the strength of the electric field and the configuration of particies. There is

dipolar interaction between particles.

We will use Monte Carlo simulation to find the structure of ER fluids. The
simulation will use the variational method and some other techniques. It will
start from one possible configuration to calculate the energy of the system, then
move to a “neighboring” state picked randomly and compute the change of the
total energy. If the energy gets lower, the trial is successful and the old state is
replaced by the new one. Otherwise, the original state is retaincd in future trials.
After each Monte Carlo trial in this way, one has a state having an energy lower or
equal to the previous one. This procedure will be iterated until the lowest energy
state is reached. After getting the lowest energy state, we plan to calculate the
correlation function and study its physical properties, such as shear modulus,
elastic properties, and phonon spectrum, which will provide information about
the properties of the field induced solid phase.

9. Optimal Structure of Applied Electric Field. After understanding
the relationship between the structure of ER fluids and the structure of applied
electric ficld, we will seek the optimal structure of electric field to yield a strong
ER system. If the induced ER solid has a similar structure as polymer chains,
then the strength is greatly enhanced. This may need a combination of one DC
electric field and one low AC field.

This task needs us to solve the “inverse” problem. First, we need to consider
a best polymer-like structure which produces a strong yield stress, then we go
back and see what is the necessary structure of an applied electric field to produce

this structure.

After we find a way to produce polymer-like ER solid, we will study the phys-
ical properties of the ER fluid. What is the basic excitation in ER fluids? How
is the yield stress? How does the viscosity change with the electric field? What
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about elastic modulus and shear modulus? These questions will be investigated.

IV. Invited Papers Presented at Conference

1. R. Tao, “Electric Field Induced Solidification — Electro-Rheology Fluids”, in-
vited talk at Research Workshop in Condensed Matter, Atomic and Molecular
Physics, International Physics Center, Trieste, Italy, July 18, 1990.

2. R. Tao, “Symmetry breaking and fractional quantization of quantum systems”,
invited talk at Symposium “Symmetry in Science V”, Breganz-Lochu, Austria,
August 3, 1990.

3. N. K. Jaggi, Meeting of the Rheological Society, Santa Fe, New Mexico (Oc-
tober 22-25, 1990).
V. Invited Seminars

o “Physics of Electrorheological Fluids”, Univ. of Illinois at Urbana-Champaign,
Feb. 15, 1991.

o Purdue University, W. Lafayette, IN: Sept 14, 1990

e Southern Illinois University, Carbondale, IL: Sept 28, 1990
o Clark University, Worcester, MA: Nov 13, 1990

e Wayne State University, Detroit, MI: Dec 10, 1990

o University of Michigan, Ann Arbor, MI: Dec 11, 1990

e Harvard Unive:sity, Cambridge, MA: Jan 9, 1991

o University of Rhode Island, Kingsion, RI: Feb 15, 1991

¢ NRL, Washington, DC: Feb 22, 1991

e NIST, Gaithershurg,MD: Feb 25, 1991

w [llinois Wesleyan University, Bloomington,IL: Mar 7 ,1991
VI. Papers at Professional Society

“The Struciure of the Induced Electro-Rheology Solid”, American Physical
Society March nieeting, 18-22 March, 1991, Cincinnati, Ohio.

17




VII. Publications with Acknowledgement to ONR

. ®. Tao, “Electric field induced solidification — theory of electro-rheology flu-
ids”, in Condensed Matter Theories, V 6 (Edited by S. Fantoni and S. Rosati,
Plenum, 1990).

. R. Tao “Symmetry breaking and fractional quantization of quantum systems”,
in Symmetries in Sciences V (edited by G. Bruner, Plenum, 1990), 519-525.

. R. Tao, A. Widom, T. D. Clark, R. Prance, and H. Prance, “Theory of volt-
age biased Josephson pendulum” J. of Physics: Condensed Matter, 3505-3509
(1991).

. R. Tao, “Path-integral approach to diffusion through random media”, Phys.
Rev. A. V.43, 5284-5288 (1991).

. R. Tao and J. M. Sun, “Three-dimensional structure of induced electrorheo-

logical solid”, (accepted for publication in Physical Review Letters).

. N. K. Jaggi, “Structure and Dynamics of Dense Dipolar Fluids in an Electric
Field and Their Relevance to Electro-Rheological Fluids ” J. Stat. Phys. 64
(1991) 1093 -1102.

. S. F. Wahid and N. K. Jaggi, “Harmonic Generation in T1BazCa3zCus Oy Su-
perconductor”, Physica (C) 170 (1990) 395-404.
VIII. Papers Submitted

. R. Tao, “Phase Transition in Electrorheological Fluids” (submitted).

. S.F. Wahid and N. K. Jaggi, “Quasistatic Nonlinear Magnetization of High
Temperature Superconductors: Applicability of Different Models”, Physica C
(submitted).
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